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, DISCLAIMER

The findings in this report are not to be construed as an official
4-

Department of the Army position unless so designated by other authorized

documents.

-, The use of trade name(s) and/or manufacturer(s) does not constitute

an official indorsement or approval.
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Industrial Security Manual, Section 11-19 or DoD 5200.1-R, Information

Security Program Regulation, Chapter IX.

6For unclassified, limited documents, destroy by any method that will

*. prevent disclosure of contents or reconstruction of the document.

For unclassified, unlimited documents, destroy when the report is
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INTRODUCTION

In the course of its utilization from storage to combustion, the propellant

is subjected to intervals of high pressure up to an estimated 50,000 psi (3.4

kbars). We note that the thermodynamic properties which control its use are not

a' only temperature-dependent, but also density-dependent. It is therefore useful

to know the equation of state (EOS) as a basis for further study of the pressure

dependence of any thermodynamic properties of the material. Density-volume
'.

relations may be obtained directly by volume measurements as the pressure is

changed isothermally (ref 1), or from the pressure dependence of the sound

velocity (ref 2) under isothermal conditions. The sound velocity at our fre-

a quencies (z 10 MHz) gives adiabatic properties of the material whose ther-

* modynamic state is defined by pressure and temperature. This forces us to

distinguish between adiabatic and isothermal pressurizations of a system. In

aboth cases we assume quasistatic, reversible processes, which are idealizations.

For the adiabatic case, no heat enters or leaves the system and the temperature

is allowed to increase, while for the isothermal case the temperature is

constant, but heat is allowed to flow out of the system. The parameters to

describe either system have to be adiabatic or isothermal respectively, and

a- these quantities are not the same.

The measurement of sound velocity in a system which is isothermally

compressed gives us an adiabatic property (e.g., the compressibility from Eq.

(1)) for a state which has been arrived at through isothermal processes. It is

- IM. Costantino, "The High Pressure Equation of State of LGP 1845 and LGP 1846,"
Proceedings of 1986 JANNAF Propulsion Meeting, CPIA Publication 455, Vol. 1,
August 1986, p. 237.

2j. Schroeder, J. Frankel, M. Doxbeck, Y. T. Lee, and K. E. Patton-Hall,

"Ultrasonic and Rayleigh-Brillouin Scattering Studies of Aqueous Solutions of
Hydroxyl Ammonium Nitrate and Triethanol Ammonium Nitrate," Proceedings of 1986
JANNAF Propulsion Meeting, CPIA Publication 455, Vol. 1, August 1986, p. 247.

m,1
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therefore necessary to convert the adiabatic property we obtain by measuring the

velocity of sound in a state defined by P and T to an isothermal property

referred to the same state. The equation which relates the sound velocity

v(T,P) to the adiabatic compressibility Ks(T,P), which is defined as

* -1 ap
-(1/V)(aV/aP) s or 1 (ap)S, and the density p(T,P) is (in the absence of

relaxation effects)

I1- = pv2  (1)
KS

The equation which takes us from an adiabatic to an isothermal description

* of the state is

KT KS + Cp92  (2)

- Here, KT is the isothermal compressibility, V is the volume per unit mass
-a

*' (V = 1), Cp is the specific heat, T is the temperature in K, and A is the
P

volume expansivity given by (1/V)(aV/aT)p or -(1/p)(ap/aT)p. From Eqs. (1) and

(2) we can get

IVv-"BV TV2A Z  V 2

(50)T - -Cp2  v2  (3)

If Eq. (3) is integrated, a relationship between the change of density and

pressure (ref 3) can be obtained at constant temperature T.

P(P) - P(Po) = P P + f P T dP (4)
P0 V 2  Po Cp

The pressure dependence of the sound velocity which is necessary for evaluation

o of the first integral on the right-hand side is available from our measurement.

3R. K. Cook, "Variation of Elastic Constants and Static Strains with Hydrostatic
Pressure: Method for Calculation From Ultrasonic Measurements," Acoust. Soc.
Am., Vol. 29, No. 4, April 1957, p. 445.
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The pressure dependence of I and Cp can be obtained from thermodynamic con-

siderations:

8 8KTNaP)T : - (KT (5)

where

KT(T) = 1 1 +  T(6)

The temperature dependence for each quantity on the right-hand side of Eq. (6)

is available for LP 1845. We have p(T) or A(T) from Messina et al. (ref 4) for

LP 1845 and Cp(T) and v(T) from our own measurements for our nominal 1845 mix-

ture (see Table I). If we use Messina's data as appropriate for our mixture

p(T) - p(OC) = -0.0007119 T (7)

and

v(T) = 1966 - 1.703 T (8)

where p is in gm/cm 3 , T is in OC between -60 and +23, and v is in m/sec. The

aKT
value of Cp at room temperature is 2.29 joules/gmOC. Hence, (-)p for Eq. (5)

yields 5.2 x 10-8/aC bar. Therefore, the pressure dependence of the volume

expansivity for room temperature is given by

.JO A = 4.898 x 10-' - 5.20 x 10-s P (9)

in units of K 1 . The pressure dependence of the specific heat Cp can be found

from (ref 5):

aCp a2v."(V)T = - T (;T')p (10)

4N. A. Messina, H. H. Tseng, L. S. Ingram, and M. Summerfeld, "The Role of
Physical Properties in Dynamic Loading Processes and Bubble Collapse of Liquid
Monopropellants for LPG Applications," Proceedings of Twenty-First JANNAF
Combustion Meeting," CPIA Publication 412, Vol. II, October 1984, p. 515.

5P. W. Bridgman, The Physics of High Pressure, G. Bell and Sons, Ltd., London,
* 1949.

3
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We have p(T) from Eq. (7); V is the specific volume (= i1p), and

8W az 1 aZP + 2 (8P)2 (11)2V = _i ( )p +

Therefore, from Eqs. (7), (10), and (11)

= 3T (22)2 = -9.78 x 10-6 joules/gm°C-bar (12)aPT P3 aT p
'I.p

(aKT/aT)p in Eq. (5) equals the pressure derivative of the expansivity only

in the vicinity of P, the pressure at which (BKT/BT)p is evaluated. In our

case, the pressure is Po, atmospheric pressure. More generally, for higher P,

the pressure dependence of the expansivity should be written as

P(P) = (Po) + P(2 + t ()P + (13)
P 2! 0P; 0

Here we only use the first two terms of Eq. (13). We assume no great curvature

in A, so that (2A/aP2)p ° << (ag/8p)po. An equation similar to Eq. (13) for

Cp(P) would also be correct, and similar arguments would apply, and 2 ( P2 P

is thought to be much smaller than the retained terms.

EXPERIMENTAL DETAILS

% A mixture of hydroxylammonium nitrate (HAN), triethanolammonium nitrate

(TEAN), and water was prepared whose composition is given in Table I.

• Compositions of 1845 and 1846 mixtures are given for comparison.

TABLE I. LIQUID PROPELLANT COMPOSITIONS

Wt. % HAN Wt. % TEAN Wt. % H20

1845 63.2 19.9 16.8

present 62.3 19.6 18.1

1 1846 60.8 19.2 20.0
S.,

4
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The Birch-Bridgman system was built by the Harwood Corporation.* A high

pressure oil was used to transmit pressure to the specimen. The pressure was

measured to better than 1.5 percent by means of a manganin coil built in the

bottom closure of the high pressure cell. This coil was calibrated by means of

another coil which had been calibrated with a dead weight tester.

A cell was designed and built to measure liquid sound velocities in a high

pressure environment (Figure 1). This cell was also used to measure the tem-

oerature dependence of the sound velocity. It has a threaded right circular

cylinder (the buffer), 0.5 inch in diameter, which separates the transducer from

the specimen. Faces A and B of the buffer are plane parallel. A 10-MHz lithium

niobate transducer is bonded to face A, and face B is in contact with the liquid

specimen. Face C of the reflector is parallel to the other two faces and

remains at a fixed known distance from face B. For this purpose, the buffer is

threaded into the threaded holding ring and the spacer and reflector are pushed

up against it by a threaded disk which has a ball-like protrusion in the center.

. The spacer and the reflector have small openings near their edges which allow

the specimen liquid to travel from below the threaded disk to the specimen

chamber. The separator membrane seen in Figure 1 serves as a separator and

pressure transmitter between the specimen and the pressurizing oil in the

Birch-Bridgman cell. The ultrasonic transducer is pulsed with a broadband gated

amplifier. Ultrasonic pulses are produced in the buffer, travelling at right

angles to faces A and B. As a pulse impinges on 8, a part is reflected back to

A, and the remaining part travels through the liquid specimen and is reflected

back and forth between B and C. After each traverse, again at face B, part of

*Harwood Corporation, Walpole, MA.
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the pulse is transmitted and proceeds to face A and is sensed by the transducer.

From there it is amplified by a broadband receiver. The amplified signal is

displayed on a Tektronix 7704A oscilloscope where the time delay measurements

are made to a resolution of about 5 nsec. The sound velocity thus obtained in

our mixture to 4.2 kbar at room temperature is shown in Figure 2.

DATA ANALYSIS AND ROOM TEMPERATURE EQUATION OF STATE

We use Ea. (4) to determine density where and Cp are linear with

oressure. The sound velocity in m/sec was fit to pressure (in bars) using a

singular value decomposition least squares fit program (refs 6,7), and can be

given by

v = 1942.79 + 0.154 P - 6.482 x 10-6 P2  1.638 x 10- 10 p3 (14)

We measure the velocity with a variance of - 2 m/sec. The standard error

of estimate of our measurements from Eq. (14) is 4.66 m/sec. In order to eval-

uate the integrals in Eq. (4) we used Bode's rule.

X4  2h
f f(x) dx -2 7fo + 32fi + 12f 2 + 32f 3 + 7f4] (15)

For the second integral in Eq. (4), we used the linear pressure dependence of

the specific heat. The specific heat at 1 atm. is correct to ± one percent.

This leads to a variance of - 10 - J/gm*C in Cp, which leads to a variance in

the density of - 10- 4  gm/cm 3 . Using Eqs. (4), (7), (9), (12), (14), and (15),

the room temperature equation of state (Figure 3) was calculated to be:

p = 1.453 + 2.938x10 -s P - 2.171x10 - 9 P2 + 1.219x10l 3 P3 (16)

* .bS. E. Koonin, Computational Physics, Benjamin/Cummings Publishing Company,

Menlo Park, CA, 1986.
7G. Forsythe, M. Malcolm, and C. Moler, Computer Methods for Mathematical
Computations, Prentice-Hall, Englewood Cliffs, NJ, 1977.
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Figure 4 shows the fit of the EOS data by means of the Tait Equation,

dPB = -V0 dV For the Tait Equation, the fit gives:

B = 48.68 + 10.85 P (17)

where B (the bulk modulus) and P are in kbar.

DISCUSSION

In Figure 2 we present the results of the sound velocity dependence on

pressure. For comparison, we also have Costantino's data for LP 1845, also

taken at room temperature, but obtained with volumetric measurements. The com-

- .'~parison indicates a difference which increases systematically with pressure, the

values starting initially alike, and then increasing to a difference of about 25

m/sec (one percent) at 4 kbar. From the variance given for both measurements,'0

this difference is acceptable. It is interesting, however, to speculate on

other possible reasons. The small difference in composition of our mixture from

LP 1845 can not explain the difference since Costantino also measured LP 1846

and our velocity measurements are lower than both of his LP 1845 and 1846

values, even though our composition is between them. The possibility also

exists of heating due to adiabatic compression of the specimen (due to heating

without any dissipation of heat from the specimen). We consider the specimen

mass only. The temperature increase, associated with an adiabatic compression

only, is given by AT = 1 AP. In our case at room temperature T = 296 K, with
Cp

U V = 0.668 cm3/gm, Cp = 229 Ncm/gmK, = 4.9xlO-'K- , for an adiabatic increase

in pressure due to 4000 atmospheres (4.05 N/cm2 ), the temperature increase is

+16 K, i.e., from 23 to 39"C. From our own Eq. (8), we have the temperature

coefficient of the velocity at room pressure. If we assume the same temperature

coefficient at all pressures, then the drop in velocity due to this temperature

increase is about 1.1 percent. This change is of the correct magnitude to

5,.
PUP
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explain the difference, but an attempt was made in our measurement to allow the

*temoerature to stabilize. Data as presented were taken on the up, as well as

the down pressure cycle in several runs and no discernible difference was found

* 4n the values at high pressure, as well as at zero pressure, before and after

." the pressure cycling. Each full up and down pressure cycle took about 50 min-

utes. The equation of state comparison (Figure 3) also shows a difference

wnich cannot be accounted for by the velocity difference). At 4 kbar our

%C :-ange of density from zero pressure is about 6.2 percent, whereas Costantino's
'C

is aoout 5.0 oercent.

-',s s-a'" d''e'-ence is not surorising, considering that it was arrived at

'tnrough different physical measurements and calculations, but it would be grat-

* - :- Know the reason. We wanted to check the possibility that the

- ,-creased viscosity of the liquid could alter Eq. (1), and we were unsuccessful

- - getting a shear wave through the liquid at pressure. We therefore, ten-

Sat-,e'y conc'ude that relaxation phenomena are not reflected in the density

'i ! fe'e-ce.

THE FULL PVT THERMODYNAMIC DESCRIPTION OF THE FLUID

So far 6e nave obtained the thermodynamic quantities given in Table I.

These expressions only hold for the phase regions where the propellant remains a

homogeneous mixture of its constituents, where we have no phase changes and no

V phase separation, and, less stringently, no change in viscosity.
m.

/ A homogenous isotropic system under hydrostatic pressure obeys the

following

V V (a)T dP + I (af)p dT (18)

This becomes
fV V =- P fPo KT(PTO)dP + fT1 A(PiT)dT (19)

Vo V Po0 T

8

N

eV e v-



TABLE II. PRESSURE AND TEMPERATURE DEPENDENCE OF THERMODYNAMIC QUANTITIES*
(Obtained Here)

Equation Units

v(T) = 1966 - 1.703T m/sec,°C

KT(T) = 1.954x10- + 5.200x1O-8 T bar-1 ,°C

v(P) = 1942.79 + 0.154P - 6.482xIO-6P2 - m/sec,bar
1.638x10-10p3

p(P)= 1.4532 + 2.9387x10-sP - 2.1711x10-9P2 + gm/cm3 ,bar
1.2192x10-l 3p3

B(P) = 48679 + 10.848P (Tait Equation) bar,bar

Cp(P) = 2.29 + 9.78x10-6P joules/

gm K,bar

(P) 4.898x10- 4 - 5.20xlO-8P K-1 ,bar

KT(P)= 2.02xlO--3.38xlO-P+3.36x10- 3p2  bar-,bar

*Pressure dependence found at room temperature (230C).
Temperature dependence found at one atmosphere.

If we know the initial state Po, Vo, To, we can then obtain the equation of

state relation at any other P1V1 T1 . In our case, it is convenient to follow the

procedure of evaluating the first integral on the RHS from p(P) or KT(P) (both

given in Table II) from room pressure Po to the desired pressure P1 , and then

use the pressure dependent A obtained from Table II, also in the second integral

on the RHS. This integral is evaluated from room temperature to the desired

temperature T1 . A fit to the results of our calculation and data gives us the

following relationship for the PVT equation of our fluids under the constraints

discussed in this report.

Vo
= exp[-{+2.02xlOS$P-1.69x10I9P2+1.12x10 PO 9O11OI

0

+ 4.898xlO- 4 (T-To)-5.2x1O-P(T-To)] (20)

9
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Figure 5 also shows several PV curves at different temperatures. We now

have a full thermodynamic description of our propellant which is based on the

approximations and techniques discussed here. Further equation of state deter-

minations and viscosity measurements with temperature and pressure will be

carried out to increase the reliability of these predictions.
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SMCAR-FSS-D, BLDG. 94 1 REDSTONE SCIENTIFIC INFO CTR
SMCAR-MSI (STINFO) 2 ATTN: DOCUMENTS SECT, BLDG. 4484

PICATINNY ARSENAL, NJ 07806-5000 REDSTONE ARSENAL, AL 35898-5241

DIRECTOR COMMANDER
US ARMY BALLISTIC RESEARCH LABORATORY US ARMY FGN SCIENCE AND TECH CTR
ATTN: SLCBR-DD-T, BLDG. 305 1 ATTN: DRXST-SD
ABERDEEN PROVING GROUND, MD 21005-5066 220 7TH STREET, N.E.

CHARLOTTESVILLE, VA 22901
DIRECTOR

. US ARMY MATERIEL SYSTEMS ANALYSIS ACTV COMMANDER
ATTN: AMXSY-MP I US ARMY LABCOM
ABERDEEN PROVING GROUND, MD 21005-5071 MATERIALS TECHNOLOGY LAB

* ATTN: SLCMT-IML (TECH LIB) 2

COMMANDER WATERTOWN, MA 02172-0001
HQ, AMCCOM
ATTN: AMSMC-IMP-L
ROCK ISLAND, IL 61299-6000

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEErING
CENTER, US ARMY AMCCOM, ATTN: BENET WEAPONS LABORATORY, SMCAR-CCB- T L,
WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.



TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST (CONT'D)

NO. OF NO. OF
COPIES CO___

COMMANDER COMMANDER
US ARMY LABCOM, ISA AIR FORCE ARMAMENT LABORATCR'
ATTN: SLCIS-IM-TL 1 ATTN: AFATL/MN
2800 POWDER MILL ROAD EGLIN AFB, FL 32543-5434
ADELPHI, MD 20783-1145

COMMANDER

COMMANDER AIR FORCE ARMAMENT LABORATORY
US ARMY RESEARCH OFFICE ATTN: AFATL/MNG

- ATTN: CHIEF, IPO I EGLIN AFB, FL 32542-500C
P.O. BOX 12211

RESEARCH 7RIANGLE PARK, NC 27709-2211 METALS AND CERAMICS INFO CTR
BATTELLE COLUMBUS DIVISION

DIRECTOR 505 KING AVENUE
US NAVAL RESEARCH LAB COLUMBUS, OH 43201-2693
ATTN: DIR, MECH DIV I

CODE 26-27 (DOC LIB) 1
* WASHINGTON, D.C. 20375

-'.

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
CENTER, US ARMY AMCCOM, ATTN: BENET WEAPONS LABORATORY, SMCAR-CCB-TL,
WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.
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